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Abstract Ion implantation is a versatile and powerful
technique for producing nanocrystal precipitates embed-
ded in the near-surface region of materials. Radiation ef-
fects that occur during the implantation process can lead
to complex microstructures and particle size distribu-
tions, and in the present work, we focus on the applica-
tion of these effects to produce novel microstructural
properties for insulating or semiconducting nanocrystals
formed in optical host materials. Nanocrystal precipitates
can be produced in two ways: by irradiation of pure (i.e.,
non-implanted) crystalline or amorphous materials, or by
ion implantation followed by either thermal annealing or
subsequent additional irradiation. Different methods for
the formation of novel structural relationships between
embedded nanocrystals and their hosts have been devel-
oped, and the results presented here demonstrate the gen-
eral flexibility of ion implantation and irradiation tech-
niques for producing unique near-surface nanocomposite
microstructures in irradiated host materials.
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Introduction
The use of nanocrystalline materials based on their opti-
cal properties can be traced back to at least 1685 when
Andreas Cassius produced a glass with an unusual color
called “the purple of Cassius”, subsequently to become
known as “gold-ruby” glass. This example of colored
glass was created by adding small quantities of gold to
the glass frit during melting, followed by a careful an-
nealing process. In 1857, Michael Faraday correctly at-
tributed the characteristic red color of gold ruby glass to
the presence of finely dispersed nanocrystalline particles
of gold [1]. In 1908, Gustav Mie developed the theoreti-
cal explanation of the process by which light is scattered
from small particles [2] giving rise to the characteristic
color of gold-ruby glass and of other glasses containing
nanophase precipitates.
More recently, new and useful optical and electronic
effects associated with metal, semiconductor, and oxide
nanocrystals have been discovered. For example, high
concentrations of metal nanoparticles in a transparent
host can be used to obtain large third-order optical non-
linearities with potential applications in integrated 
optical devices. Semiconductor nanocrystals have been
found to exhibit a number of size-dependent opto-elec-
tronic effects. Specifically, the energy of the bandgap
can be modified in sufficiently small particles due to the
quantum confinement of excitons. These modifications
can lead to relatively large blueshifts in the absorption
and photoluminescence spectra. Semiconductor nano-
crystals are, in fact, already beginning to find applica-
tions as dyes and optical sensors [3, 4].
Ion implantation is a technique that has recently at-
tracted a high level of interest as a versatile method of
forming a wide variety of nanocrystal compositions in
effectively any host material. In the particular case of
metallic nanoparticles, ion implantation offers the advan-
tage that a much higher local concentration of nanocrys-
tal precipitates can be achieved than those produced, for
example, in bulk glass by more traditional approaches,
leading to enhanced third-order optical nonlinearity ef-
fects. On the other hand, ion implantation, by its very na-
ture, produces significant radiation effects in the host
material. These effects can lead to unusual microstruc-
tures or large size dispersions of embedded nanocrystal
precipitates. While these effects are often considered to
be undesirable, particularly if the nanoparticle-induced
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optical effects depend on the size or microstructure of
the precipitates, the unusual or unexpected microstruc-
tures that form as a result of irradiation may actually be
exploited and find use in future generations of optical
devices.
The present work is directed toward investigations of
the effects of irradiation on the formation of nanocrystal
precipitates, and on the unique microstructures that can
be formed by this approach. The objective of this work is
approached in two ways: First, we examine various
phases that could potentially to be used for the formation
of nanocrystals by direct ion irradiation – that is, without
any significant change in the local chemistry of the
system due to the introduction of the implanted ions. In
this regard, both zircon (ZrSiO4) and its isostructural
phosphate analogue pretulite (ScPO4) were investigated.
Zircon has been shown to decompose at elevated temper-
atures to a liquid SiO2 phase plus a crystalline metal ox-
ide [5]. This suggests that pure zircon could, in principle,
be used to form nanocrystalline metal oxide composites
by direct high-temperature ion irradiation. An additional
motivation for the study of radiation effects in ZrSiO4
derives from the traditional importance of zircon in U-Pb
geochronology [e.g., see Refs. 6, 7] and from its more
recent potential application as a storage or disposal me-
dium for weapons-grade plutonium [8–10]. Second, we
investigate the effects of irradiation on the microstruc-
ture of nanocrystals already formed by ion implantation.
Unusual and unexpected microstructures for nanocrys-
tals subjected to further ion bombardment are, in fact,
found to be the rule rather than the exception. Appropri-
ate selection of the implantation/irradiation conditions
can, however, be used to simplify the near-surface nano-
composite microstructural properties or to intentionally
produce novel microstructures with potential future ap-
plications in optical and other devices.
Relation to previous work
A number of techniques, including wet chemical synthe-
sis [e.g., Ref. 11], laser ablation [e.g., Ref. 12], and the
chemical doping of glasses [13–16] have been shown to
be effective methods for synthesizing nanocrystalline
materials. The present work, however, focuses on the mi-
crostructure of nanocrystal-host systems formed either
by ion implantation and thermal processing or directly
by the irradiation of a suitable single-crystal phase. The
synthesis of nanocrystals by ion implantation offers the
important advantage of experimental flexibility over the
other methods cited above, and the number of possible
nanocrystal – host compositions that are accessible to
ion-beam methods seems essentially unlimited. During
the last decade, several research groups have used ion
implantation to synthesize both metallic and semicon-
ductor nanocrystals. In this way, discrete single-element
nanoparticles of Cu [17, 18], Ag [19–21], Au [22–24],
Fe [25], Pt [26], Pb [27], Se [28], Ge [29], and Si
[30–33] have been formed. Compound nanocrystals have
also been formed by sequential implantation of the con-
stituent elements – these include InP [34], GaAs [35,
36], ZnS [37, 38], CdS [38, 39], CdSe [39–41] and PbS
[38], as well as oxides such as VO2 [42], V2O3 [43], and
ZnAl2O4 [44]. Binary metallic alloy nanocrystals have
also been synthesized [45, 46]. This list is not meant to
be exhaustive, but is meant to give a feel for the versatil-
ity of the ion implantation technique to produce a large
number of particle compositions. The number of report-
ed studies of nanocrystals formed by implantation tech-
niques is growing rapidly. In fact, many major materials-
or irradiation-related conferences presently include en-
tire symposia devoted to the formation of nanocrystals
by ion implantation techniques.
Ion irradiation methods that do not involve significant
implantation-produced chemical modifications have
been less extensively investigated as a method for the
formation of nanocrystals. The fact that new phases can
form during the irradiation of metals and alloys has been
known and documented for several decades [e.g., see
Ref. 47], and in the earth sciences, mineralogists have
observed the occurrence of nanocrystalline monoclinic
ZrO2 in natural radiation-damaged zircon that contains
uranium and thorium [e.g., see Refs. 48, 49]. Irradiation
of doped glasses may also lead to precipitate growth
[50–53], and in this case, ionization-energy-loss process-
es are deemed responsible for the growth of the particles.
Recently, researchers have investigated the formation 
of gold nanocrystals due to the ion irradiation of a pre-
implanted host material [54]. In this case, the optical
host is first implanted with gold at low temperatures so
that the implanted material remains in solution in the
near-surface region. The sample is subsequently irradiat-
ed by high-energy ions that pass through the pre-
implanted region, causing the nucleation and growth of
the gold particles.
The present work represents a systematic transmis-
sion electron microscope (TEM)-based study of the ef-
fects of irradiation on the formation of nanocrystals in
either pre-implanted or directly irradiated materials.
While the fact that ion implantation can be used to syn-
thesize a large number of nanocrystal compositions is
well established, the effects that the subsequent implan-
tation can have on the resulting microstructures and size
distributions are less well known. The present work
shows how the effects of ion irradiation can, in fact, be
used to good advantage in the formation of novel nano-
crystal microstructures and nanocrystal-host structural
relationships.
Experimental
The single-crystals of ZrSiO4 and ScPO4 investigated here were
synthesized using a high-temperature-solution (flux) technique
[55, 56]. The high-purity SiO2 glass samples and [100]-oriented
single crystal Si wafers were obtained commercially. TEM speci-
mens for in-situ ion irradiations were prepared by conventional
thinning methods [57]. The direct irradiation experiments were
carried out using the HVEM-Tandem Facility at Argonne National
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Laboratory. The specimens were irradiated with 800 keV Kr+ ions,
and the microstructural evolution was observed by standard
bright-field imaging and electron-diffraction techniques. Details of
the microscope and beam-line setup can be found elsewhere [57,
58]. The dose rate was 1.7×1012 ions/cm2/s, and temperatures from
–253°C up to 850°C were obtained by using a liquid-helium-
cooled stage or a conventional resistive heating stage.
Ion irradiations and implantations were carried out at the Sur-
face Modificaton and Characterization (SMAC) Facility at Oak
Ridge National Laboratory. The specimens were mechanically
clipped onto a steel backing plate, in some cases using graphite
paint to provide a good thermal contact. Implantations were per-
formed using a beam current density of less than 2 µA/cm2 and the
crystalline host materials were tilted approximately 7° off-axis to
avoid ion-channeling effects. Thermal processing was carried out
in a standard tube furnace in a reducing atmosphere.
Cross-sectional TEM specimens were prepared by gluing the
implanted face onto a silicon wafer and hand polishing to a thick-
ness of approximately 1–2 µm [59]. The samples were then ion
milled at an angle of 12° for 15 to 45 min to expose the implanted
surface. Conventional bright-field electron microscopy was per-
formed using a Philips EM400 TEM operated at 100 keV. High-
resolution imaging and Energy Dispersive X-ray Spectrometry
(EDS) mapping was done with a Philips CM200 Scanning Trans-
mission Electron Microscope (STEM). Electron energy loss spec-
troscopy (EELS) analysis was performed on a Philips CM30 oper-
ated at 300 keV and equipped with a Gatan Image Filter.
Results and discussion
Zircon and pretulite
Zircon and pretulite (ScPO4) become amorphous at an
ion dose that increases as a function of irradiation tem-
perature (Fig. 1). The increase in the amorphization dose
is a result of recrystallization processes that occur during
irradiation that are enhanced at elevated temperatures.
The amorphization dose for both compounds apparently
increases in two relatively well-defined stages. Zircon
can be amorphized at much higher temperatures than pre-
tulite despite their similar ABO4 stoichiometry and simi-
lar crystal structure. The activation energies for the an-
nealing processes were calculated using a recently-devel-
oped model that relates the amorphization dose to tem-
perature [60] and were found to be approximately 1.0 and
3.3 eV for the low-temperature and high-temperature an-
nealing stages in zircon, respectively, and approximately
1.0 and 1.5 eV for the two stages in pretulite. The high-
temperature activation energy for annealing in zircon
(~3.3 eV) is reasonable for processes that occur above
700°C (Fig. 1). It is quite close to known values for the
annealing of fission tracks in zircon (2.1 to 3.6 eV) [61]
and it may, therefore, represent the annealing of bulk
amorphous zones. The value obtained for the lower tem-
perature process for both compounds (1.0 eV) is close to
known interstitial and vacancy migration energies in
MgO and Al2O3 as summarized in Ref. 62 and may be re-
lated to point defect recombination. The activation energy
for Stage II annealing in pretulite is 1.5 eV. This low val-
ue (as compared to zircon) appears to be characteristic of
phosphates in general [63, 64] and is consistent with the
extreme rarity of metamict (i.e., amorphous) uranium-
and thorium-bearing phosphates in nature.
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In the case of the ion bombardment of zircon, a fur-
ther effect occurs under irradiation at temperatures above
600°C. Between 600 and 750°C, zircon first becomes
amorphous, but with increasing dose, it gradually de-
composes into an assemblage of randomly oriented cubic
or tetragonal ZrO2 nanocrystals that are embedded in a
matrix of amorphous SiO2 (Fig. 2). The ZrO2 precipi-
tates are approximately 3 nm in diameter. Irradiation
above 750°C leads to direct decomposition of zircon into
the component oxides without the formation of an inter-
mediate amorphous phase. Zircon specimens were irradi-
ated at different temperatures and using different ion
fluxes to ensure that the decomposition was not brought
about by ion-beam heating [60].
Fig. 1 Amorphization dose plotted as a function of temperature
for zircon and pretulite irradiated with 800 keV Kr+ ions. The
lines represent the best fit to the experimental data obtained using
the amorphization-recrystallization model derived in Ref. 60
Fig. 2 Nanocrystals of cubic or tetragonal ZrO2 embedded in
amorphous SiO2. This microstructure was produced by irradiating
zircon to a dose of ~3 dpa at 800°C. The electron-diffraction pat-
tern (inset) is indexed to tetragonal ZrO2
The phases formed by the high-temperature ion-beam
irradiation of zircon are the same as those that would be
obtained by normal thermal melting, i.e., ZrSiO4 melts
incongruently at 1960 K to form two phases: crystalline
ZrO2 and liquid SiO2. Several authors have proposed that
a so-called “cascade melting” phenomenon may account
for the variation in the susceptibility of ceramics to ion-
beam amorphization [65–67] but whether or not such a
“cascade melting” phenomenon actually occurs in com-
plex ceramics is not known. Clearly such a model is
based on the assumption that the phase relationships in-
side the highly non-equilibrium cascade are at least qual-
itatively similar to those occurring at equilibrium. In any
event, regardless of the nature of the responsible atomic-
scale mechanisms, the experimental results for the high-
temperature ion irradiation of zircon provide a clear ex-
ample of how ion beams can be used to produce directly
an assemblage of nanophase particles embedded in a ce-
ramic host.
A phase decomposition similar to that characteristic
of zircon does not occur for the case of pretulite. The or-
thophosphates melt directly to the liquid composition
without the formation of intermediate solid-state phases.
Another effect was observed in the case of pretulite,
however. The ion-beam-damaged amorphous material
was found to recrystallize rapidly under electron irradia-
tion in the electron microscope. This remarkably rapid
recrystallization led to a further set of experiments in
which TEM specimens were irradiated to a dose of ap-
proximately twice the amorphization dose (i.e., 2×Dc)
while the electron beam from the microscope was turned
off. The resulting amorphous regions were then irradiat-
ed using the electron beam in the TEM. The results were
somewhat startling: the amorphous material recrystal-
lized to form a nanometer-scale polycrystalline assem-
blage of ScPO4 within a matter of seconds – depending
on the beam-current density [68]. This crystallization
could be controlled by focusing the electron beam 
and moving the focal point with the beam shift controls
(Fig. 3). In this way, “letters” and patterns of nanocrys-
tals could be drawn in the amorphous matrix. The size of
the lettering depended only on the diameter of the elec-
tron beam and finer letters could be drawn by further fo-
cusing and reducing the TEM spot size. The calculated
temperature rise due to beam heating was less than 40°C
in these studies.
The mechanism responsible for the rapid recrystalli-
zation of ScPO4 was investigated by performing irradia-
tions using different accelerating voltages in the electron
microscope. The dose for recrystallization was moni-
tored by using a Faraday cup to obtain the beam current
and by measuring the beam diameter on photographic
negatives. The results are shown in Table 1: Clearly, in-
creasing the electron energy causes an increase in the
electron dose for complete recrystallization, as measured
by electron diffraction. These results are consistent with
an ionization-driven recrystallization mechanism [68].
The case of the electron irradiation of ion-beam-
amorphized ScPO4 provides an example of another “di-
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rect” radiation approach to the formation of crystalline
nanophase precipitates in a host material. As compared
with the case of zircon, however, here the host and pre-
cipitates are compositionally the same.
Formation of compound nanoparticles
The above two examples show that irradiation tech-
niques can be directly used to produce nanocrystalline
precipitate phases in a transparent host. In the case of
pretulite, the spatial distribution of the nanocrystal pre-
cipitates could be controlled by selecting the area of the
amorphous material that was to be subjected to electron
irradiation. The formation of compound crystalline nano-
particles (e.g., ZrO2 embedded in SiO2 in the zircon
case) represents a further application of ion irradiation or
implantation techniques; however, direct precipitation
requires a specific set of circumstances which fortuitous-
ly exist in the case of zircon. Usually, it is necessary to
sequentially implant the elements required to make up
the nanocrystals, thereby producing an impurity super-
saturation which can subsequently precipitate out of the
Fig. 3 Letters of crystalline pretulite “drawn” in an ion-beam-
amorphized pretulite matrix. Crystallization was produced in-situ
in the electron microscope by focusing the electron beam with the
second condenser lens. The calculated temperature rise was less
than 50°C









host as “nanocrystals” during thermal processing. This
approach has been used to synthesize a number of II-VI
and III-V semiconductor nanocrystals [38, 39, 69].
Radiation effects that occur in the host during implan-
tation frequently complicate the overall microstructure
and size distribution of the nanocrystals formed by ther-
mal processing. For example, Fig. 4 shows semiconduc-
tor precipitates of ZnS formed in a fused silica host that
was implanted at room temperature with 1×1017 ions/cm2
of Zn (320 keV) followed by an equal dose of sulfur
(180 keV). The implant energies were selected to give
overlapping concentration profiles of the implanted spe-
cies. The specimen was then annealed for 6 min at
1000°C under flowing Ar+4%H2. Electron diffraction
demonstrated the formation of randomly oriented wurtz-
ite-structure ZnS precipitates, however, the nanocrystal
size distribution is strongly bimodal. Calculations using
the Monte Carlo computer code Transport and Range of
Ions in Matter (TRIM v.96) [70] show that the SiO2 glass
should experience radiation damage up to a depth of
~300 nm, with a resulting conversion to the ion-beam-
damaged structure (as opposed to “normal” SiO2 glass
structure) [71]. The location of the large precipitates cor-
responds to the calculated boundary between the radia-
tion-damaged glass and the deeper region of the SiO2
host that was not modified by the implantation. This bi-
modal size distribution is generally undesirable for de-
vice applications and is a negative consequence of the ir-
radiation process. Similar distributions of ZnS precipi-
tates in SiO2 glass have previously been observed [37,
38], and this poor size distribution is probably responsi-
ble for the lack of well-defined absorption features asso-
ciated with quantum-confined particles.
Irradiation-induced nucleation of ZnS nanocrystals
The results discussed here for the case of pretulite 
suggest that, in principle, electron irradiation might 
also be used to nucleate isolated, monodispersed nano-
crystals of ion-implanted species. To test this concept, an
SiO2 glass wafer was implanted with 1×1017 ions/cm2
of zinc (320 keV) followed by an equal dose of sulfur
(180 keV). ZnS was chosen as the target composition be-
cause our previous experiments demonstrated that Zn and
S have a strong affinity and will readily react to form the
sulfide [38]. The specimens were heat sunk during im-
plantation to prevent nanocrystal nucleation prior to the
electron irradiation step. Cross-sectional specimens were
then prepared for in-situ electron irradiation in the TEM.
In the as-implanted sample, crystalline ZnS precipi-
tates were not observed in the implanted region. After 
60 s of irradiation with 200 keV electrons (beam current
density = ~1 A/cm2), however, regions of dark contrast
were observed that were tentatively ascribed to Zn-rich
areas (see Fig. 5). With increasing electron dose in the
TEM, these dark regions became more distinct. After 
10 min of irradiation, electron diffraction and high-reso-
lution imaging clearly demonstrated the formation of
discrete ZnS precipitates with an average diameter of 
3.1 nm (Fig. 5). The standard deviation in the precipitate
size is 0.45 nm – considerably smaller than for the ZnS
particles produced by high-temperature annealing (e.g.,
see Fig. 4). In fact, this technique produces what is ap-
parently the narrowest reported size distribution of com-
pound nanocrystals formed by implantation techniques.
Specimen heating caused by the electron beam might
enhance the crystallization process, however, the temper-
ature rise for the irradiation conditions appropriate to
Fig. 5 was calculated using Fisher’s model [72] to be
less than 40°C. Further evidence that electron-beam
heating plays only a minor role is provided by the obser-
vation that the size of the precipitated ZnS particles was
uniform throughout the entire irradiated region. If speci-
men heating were important, then the larger particles
would be expected to form near the center of the electron
beam profile where the temperature is highest, but this
effect was not observed.
Recent work has shown that MeV ion irradiation can
be used to nucleate gold precipitates in SiO2 glass speci-
mens pre-implanted with gold [54] and that silver intro-
Fig. 4 Cross sectional TEM micrograph showing the distribution
of wurtzite-structure ZnS precipitates produced by ion implanta-
tion into SiO2 glass. The dose was 1×1017 ions/cm2 for both ele-
ments, and the specimen was heated to 1000°C for 6 min in a re-
ducing atmosphere
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duced into glass via ion exchange also precipitates out of
solution during subsequent ion irradiation [52]. In both
of these cases, electronic-energy-loss processes were
deemed to be responsible for the growth of the metal
precipitates. As an extension of the results reported for
Au and Ag, we attempted to nucleate and grow com-
pound nanocrystals of ZnS by ion irradiation of material
that was previously implanted with Zn and S. Specifical-
ly, a specimen of SiO2 was implanted with Zn+S at liq-
uid nitrogen temperature to a dose of 1×1017 ions/cm2
(exactly as described above for the electron-irradiation
case). This sample was subsequently irradiated at 250°C
using 6.7 MeV Si3+ to a fluence of 1.0×1016 ions/cm2.
These high energies were chosen in order to obtain a
high electronic stopping power for the Si ions in the pre-
implanted region. The resulting microstructure was then
examined by cross-sectional TEM.
In the case of the pre-implanted specimen irradiated
with silicon, the resulting microstructure was completely
different from that observed after the thermal annealing
of Zn+S-implanted SiO2 glass wafers. The microstruc-
ture consists of three zones that are, in order of increas-
ing depth: very small (e.g., 2–4 nm) spherical ZnS pre-
cipitates; ZnS precipitates elongated perpendicular to the
specimen surface; and finally, another layer of small,
spherical precipitates (Fig. 6). The elongated precipitates
are, in some regions, continuous for up to 100 nm. Elec-
tron diffraction confirmed the zincblende structure for
these nanocrystals.
This layered microstructure is apparently related to
the initial distribution of the Zn and S. The RBS results
in Fig. 7 show that the layer of elongated precipitates oc-
curs where the concentration of implanted zinc is greater
than ~3.7×1021 ions/cm3. The measured concentration
profile of the implanted Zn is significantly wider than
would be expected on the basis of TRIM calculations.
The long axis of the precipitates is parallel to the implan-
tation/irradiation direction. The Si ions may actually nu-
cleate ZnS nanoparticles along their ion tracks. Because
of the relatively high concentration of implanted silicon,
the elongated particles could have formed along individ-
ual ion tracks or they may have crystallized as a result of
multiple ion track overlaps.
Annealing of the Si-irradiated specimen at 1000°C for
1 h results in a further microstructural “layering” effect.
The elongated particles were still present (Fig. 8), but
three bands of larger, wurtzite-structure ZnS precipitates
formed at depths of 30, 100, and 260 nm, respectively
(i.e., at the near-surface and at the boundaries of the 
layer with the elongated particles). Isolated ZnS precipi-
tates were also observed at depths ranging from 300 to
600 nm. This observation is consistent with the enhanced
Fig. 5 Electron-irradiation-
induced nucleation and growth 
of zincblende-structure ZnS
nanocrystals in SiO2 glass. The
specimen was implanted under
the same conditions as the
specimen in Fig. 4, except that
the sample was heat sunk dur-
ing implantation and was not
thermally annealed. The beam
current was approximately 
1 nA. The size distribution 
histogram is given on the bot-
tom right
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diffusion of Zn and S in radiation-damaged fused silica
glass. These results clearly show that the microstructure
of semiconductor nanocrystals formed by ion implanta-
tion can be controlled to some extent and modified by a
selection of the implantation/annealing conditions.
It should be noted that gold nanoclusters can also be
formed by an implantation/irradiation process. When po-
rous vycor specimens are immersed in a methanol solu-
tion containing 0.01 M NaAuCl4, low concentrations of
gold complexes remain in the porous glass after drying
in air [73]. TEM specimens were prepared from this ma-
terial and were irradiated by 60 or 200 keV electrons in
the electron microscope under conditions similar to those
described above in the case of ZnS. Electron irradiation
causes the pores to collapse and Au nanoparticles to pre-
cipitate (Fig. 9). The amount of energy transferred to a
gold atom by a 60 keV electron is less than 0.8 eV. This
is probably too low to displace gold atoms by ballistic
collision processes. The calculated net dose was lower
for the 60 keV irradiations than for the 200 keV irradia-
tions, consistent with an ionization-related process.
Formation of coherent, 
oriented ZnS particles in amorphous Si
We recently reported a technique by which coherent, 
crystallographically oriented nanoparticles can be pro-
duced in an amorphous host material [74] – an additional
example of the use of ion-beam methods to create unusu-
al microstructures. In order to synthesize oriented crys-
talline particles in an amorphous host, the host should be
resistant to amorphization at elevated temperatures but
must be relatively susceptible to irradiation-induced
amorphization at low temperatures. The nanocrystals
Fig. 6 Cross-sectional micro-
graph showing the structure 
of ZnS precipitates formed by
Si-ion-irradiation of ion-im-
planted SiO2 glass. A represen-
tative diffraction pattern and a
higher-magnification image of
the elongated particles are giv-
en on the right. The specimen
was first implanted with Zn+S
exactly as described for Fig. 5
and it was then irradiated with
6.7 MeV Si ions at 250°C to a
dose of 1×1016 ions/cm2
Fig. 7 Depth distribution profile for implanted Zn after a subse-
quent 6.7 MeV Si irradiation. The distribution obtained by TRIM-
96 calculations is shown for comparison. The elongated particles
occur over an observed depth range corresponding to an implanted
Zn concentration greater than approximately 4×1021 ions/cm3. The
sulfur distribution is similar to that for zinc but the scatter in the
data is considerably larger owing to its low atomic mass
Fig. 8 Cross-sectional micrograph of the specimen shown in Fig.
7 after thermal annealing for 1 h at 1000°C in flowing Ar + 4%H2
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must crystallize in the selected crystalline host at high
temperatures and should be highly radiation resistant at
all temperatures. In this method, ion implantation and
thermal processing are first used to form nanocrystal
precipitates that are coherently oriented with respect to a
crystalline host. The host material is then amorphized by
ion irradiation leaving the highly radiation resistant pre-
cipitates in an aligned crystalline state.
In order to identify a host material with the appropri-
ate properties noted above, the simple oxides MgO,
Al2O3, and SiO2 as well as Si, LaPO4, and SrTiO3 were
tested as candidate host materials by in-situ irradiation
using the HVEM-Tandem Facility. The irradiation condi-
tions were as described previously for zircon and pretul-
ite. The best candidate hosts were found to be Si and
SrTiO3 (Fig. 10). ZnS was selected as the target nano-
crystal composition because of its resistance to irradia-
tion-induced amorphization [75]. When formed by ion
implantation into crystalline hosts (as opposed to fused
silica), ZnS nanocrystals are generally faceted and are
crystallographically aligned with respect to the matrix.
[38]. Si was selected as the host material for these exper-
iments because of the close lattice match with the zinc-
blende structure of ZnS. The Si host crystal was first im-
planted with Zn (280 keV) and S (160 keV) to a dose of
5×1016 ions/cm2. The temperature during implantation
was maintained at 550°C in order to prevent amorphizat-
ion of the silicon host. The specimens were then 
annealed at 1000°C for one hour in flowing Ar+4%H2.
X-ray diffraction analysis indicated the presence of zinc-
Fig. 9 Electron-irradiation-
induced nucleation of gold
nanocrystals in gold-impreg-
nated vycor. Panels (c) and (d)
were obtained after approxi-
mately 5 min of irradiation us-
ing a beam current of 1 nA
Fig. 10 Amorphization dose as a function of temperature for
SrTiO3 and Si. The data were obtained by irradiating thin speci-
mens in-situ at the HVEM-Tandem Facility using 800 keV Kr+
ions (as in Fig. 1). Si and SrTiO3 can be amorphized readily at low
temperatures but cannot be amorphized above ~200°C
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blende-structure ZnS particles aligned “cube-on-cube”
with the host silicon lattice. A band of faceted and cry-
stallographically oriented ZnS nanocrystals centered
around a depth of 250 nm was observed by cross-sec-
tional TEM (Fig. 11a). The specimen was then irradiated
with Si+ ions at liquid nitrogen temperatures using a
range of ion energies to ensure a uniform amorphous
layer. TEM analysis showed that the Si was indeed
amorphized up to a depth of 750 nm (Fig. 11b). In con-
trast, the radiation-resistant ZnS precipitates remained
crystalline. The dark-field image in Fig. 11c shows that
all the nanoparticles simultaneously diffract into the Si
(111) beam (equivalent to the (111) beam for ZnS) –
demonstrating that they remain crystallographically
aligned and oriented even though the host silicon is
amorphous. High-resolution imaging also showed that
the precipitates were aligned (parallel lattice fringes)
and, frequently, twinned (Fig. 11d).
By exploiting the flexibility of ion implantation and
the intrinsic differences in the recrystallization behavior
between potential host materials and various types of
nanophase precipitates, it is possible, in principle, to
achieve a wide range of surface nanocomposite systems
consisting of various types of oriented crystalline parti-
cles embedded in an amorphous matrix. New effects as-
sociated with the crystallographic particulate orientation
and/or morphology are anticipated in surface nanocom-
posite systems of this type.
Hollow nanocrystals
The possibility of using implantation to intentionally form
novel and unusual microstructures is further illustrated by
recent observations of nanoparticles containing internal
light-contrast features (as observed by conventional bright-
field TEM). These recent observations include what are
apparently hollow precipitates of mercury embedded in
steel [76] and MoSi2 precipitates in implanted silicon [77].
An examination of bright-field TEM images published in
previous work [78] also suggests the presence of internal
voids in GaAs nanocrystals, although this microstructure
was not investigated or commented on at the time.
Recently, we have obtained clear evidence for the ex-
istence of hollow CdS precipitates formed by ion implan-
tation and thermal processing [38]. One example of such
a precipitate is shown in Fig. 12. A light contrast feature
is clearly visible across the central portion of the nano-
Fig. 11 Oriented ZnS nano-
crystals in (a): crystalline and
(b): ion-beam-amorphized 
silicon. A (111) dark-field im-
age of the amorphized silicon 
is shown in (c). The ZnS pre-
cipitates all appear bright – 
indicating that they are crystal-
line and coherently aligned in
the amorphous matrix. A high-
resolution image is shown in
(d). The lattice fringes in adja-
cent precipitates have the same
orientation
row energy band of electrons centered about the zero-en-
ergy-loss position to form the image, so that the inelasti-
cally scattered plasmon-loss and core-loss electrons are
excluded. The low-loss image is acquired with the slit 
removed, so that both zero-loss and inelastically scattered
electrons are used to form the image. A measure of 
the local mass thickness is given by the relation:
t/λ=ln(IL/I0), where t is the thickness of the specimen, λ
is the mean free path for inelastic scattering, and I0 and IL
are the intensities in the zero-loss and low-loss images,
respectively. Typically, the mean free path is smaller for
materials of higher atomic number, and t/λ is, therefore,
correspondingly higher for a constant specimen thick-
ness. A “t-over-λ map” is shown in Fig. 12, as well as a
profile of t/λ across the ring-shaped particle image. The
mass thickness is clearly higher when the beam passes
through the side walls of the particle, but the mass thick-
ness in the center of the particle is similar to the sur-
rounding matrix. Given that, at the center of the particle,
the beam probably passes through the ~5-nm-thick top
and bottom surfaces of the higher-density particles, it fol-
lows that the core of the particles must be of a much
smaller mass thickness than the surrounding matrix.
These light-contrast features are, therefore, likely to be
voids or bubbles, and the ring-shaped images actually re-
present hollow spheres. This hypothesis is in agreement
with the consistently light diffraction contrast from the
center of the nanocrystals. The formation of hollow nano-
particles offers an opportunity for further materials engi-
neering, whereby the central portions of the nanocrystals
might, for example, be filled with another material.
Potential origins of the central voids include radiation-
induced vacancy aggregation and coalescence, volume
changes associated with solid-liquid or solid-solid trans-
formations, adsorption of gas atoms at void sites in the
crystalline lattice, or a combination of these processes. In
order to investigate the mechanism of void formation, we
synthesized additional CdS and ZnS precipitates by im-
plantation and thermal processing. After each processing
step, the specimen was examined by cross-sectional elec-
tron microscopy. SiO2 glass wafers were first implanted
with Cd or Zn to a dose of 1×1017 ions/cm2. The implan-
tations were carried out at room temperature, and the
specimens were not heat sunk. The beam current density
was less than 2 µA/cm2, as in all the experiments de-
scribed above. Cross sectional TEM investigations dem-
onstrated the presence of randomly oriented, spherical Zn
or Cd particles ranging in size from 1 to 4 nm in diameter
(e.g., see Fig. 13a for the case of Zn nanocrystals). The
metal nanocrystals do not contain internal voids or any
other unusual characteristics. Next, an equal dose of sul-
fur was implanted into both specimens under identical
implantation conditions. TEM observations after the sul-
fur implantation showed that the previously existing met-
al nanoparticles reacted to form the sulfide composition
(Fig. 13b). The zincblende-structure sulfide particles con-
tain distinct central void features.
The specimens were then annealed at 1000°C for 1 h
in a reducing environment. In the case of ZnS, the size-
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particle. EELS imaging was used to confirm that this fea-
ture is actually void (Fig. 12). Both “zero-loss” and “low-
loss” images were acquired from a region of the speci-
men containing the “ring-shaped” nanoparticle images.
The zero-loss image was formed by allowing only a nar-
Fig. 12 (a): High-resolution image of a CdS precipitate in SiO2
glass. There is a light-contrast feature in the center of the nano-
crystal. The specimen from which this image was obtained was
implanted to obtain a local concentration of 5.3×1021 ions/cm3.
Panels (b) and (c) are zero-loss and low-loss EELS images and (d)
is a t-over-λ map (see text). Panel (e) shows a mass thickness (in-
tensity) profile across the large precipitate in (d)
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layering effect occurred, where the large particles were
located at the maximum extent of the ion-irradiation-
damaged glass and only a few of the smaller ZnS parti-
cles were hollow. The size-layering effect suggests that
significant diffusion and re-precipitation of the implant-
ed material has occurred. On the other hand, most of the
CdS particles were clearly hollow as shown in Fig. 12,
and in fact, the distribution of hollow particles reflected
the concentration of the implanted material. A final ex-
periment was carried out in which an SiO2 glass wafer
was implanted with Cd+S at liquid nitrogen temperature
(all other experimental conditions were identical to those
for the previous samples). After implantation and anneal-
ing (1000°C, 1 h), CdS nanocrystals were present in the
implanted layer but they were not hollow (Fig. 14).
The above observations eliminate radiation damage
alone as the origin of the voids. If radiation-induced va-
cancy aggregation and coalescence were responsible for
the large internal voids, then we would expect to see
voids in the metal nanoparticles that form during im-
plantation, and this is not observed. Instead, the voids
develop during the implantation of sulfur. Volume
shrinkage associated with the metal to sulfide transfor-
mation is also not considered to be a likely source for the
voids because the molar volume of the sulfide (CdS or
Fig. 13 Cross-sectional and
high-magnification TEM 
micrographs showing the evo-
lution of the precipitates 
during implantation at room
temperature. An SiO2 specimen
was first implanted with 
1×1017 ions/cm2 of Zn at 
320 keV (top). Randomly ori-
ented spherical colloids of me-
tallic Zn occur throughout the
implanted region. The Zn col-
loids react with subsequently
implanted sulfur (180 keV) to
form zincblende-structure ZnS
(bottom), and many of the sul-
fide particles are hollow
Fig. 14 Cross-sectional micrograph showing CdS precipitates 
in SiO2 glass. The specimen was implanted to a dose of 
7.5×1016 ions/cm2 at energies of 320 keV (Cd) and 115 keV (S).
The specimen was heat sunk during the implantation. Hollow
nanocrystals are not observed
ZnS) is larger than that for the pure metal. The melting
temperature of ZnS and CdS is considerably higher than
the annealing temperature, so a volume change due to
solidification of the liquid phase is not responsible for
the formation of the voids – although we have recently
obtained evidence that this effect can play a major role in
the formation of hollow or void-containing metal precip-
itates embedded in crystalline silicon.
These observations suggest that the implanted sulfur
is associated with the hollow particle formation. A possi-
ble explanation for the occurrence of hollow particles in-
volves sulfur adsorption at defects in the crystalline lat-
tice of the pre-existing metal (or semiconductor) col-
loids. If the vapor pressure of the implanted sulfur is suf-
ficiently high, then the sulfur could adsorb onto vacancy
embryos that form during irradiation. The vapor pressure
of sulfur is approximately 0.13 kPa at the irradiation
temperatures employed here [79]. During irradiation, the
lowest energy location for sulfur atoms is on crystalline
metal or semiconductor surfaces (i.e., voids in the metal-
lic precipitates) [e.g., see Refs. 80 and 81 for examples
of sulfur adsorption on metal surfaces]. A similar pro-
cess has been invoked to explain the formation of voids
in ion-irradiated metals [82] and a large literature exists
for the formation of voids by gas-ion irradiation into
crystalline silicon [83–89]. If the local sulfur concentra-
tion is sufficiently high (e.g., at the peak implanted con-
centration profile), then sulfur atoms may preferentially
adsorb on vacancy embryos in the crystal lattice of the
pre-existing metal colloids. At low implant temperatures,
the vapor pressure would be too low for significant sur-
face adsorption of sulfur to occur. Other low-boiling
point or high vapor pressure elements would be expected
to have similar effects; hence the apparent voids shown
in Fig. 1b of Ref. 78 for the case of GaAs in SiO2.
Mixed chalcogenide nanocrystals
Finally, we report our initial results on the use of ion im-
plantation to form mixed chalcogenide nanostructures.
Previous work [39] indicated that nanocrystals with a
composition close to CdSe0.5S0.5 could be formed by the
stoichiometric implantation of the constituent elements
followed by thermal processing. Evidence for the forma-
tion of a mixed chalcogenide composition was obtained
by X-ray diffraction, which indicated a lattice parameter
for the mixed nanocrystals that was smaller than that for
pure CdSe– but larger than that of CdS.
In the present work, we have obtained direct TEM ev-
idence for the formation of a mixed chalcogenide com-
position (Cd,Zn)S, with a ratio of Zn and Cd close to
1:1. This was accomplished by using a slightly different
technique than for the mixed-anion composition
Cd(Se,S) discussed above. Cadmium and sulfur were
first implanted at 550°C into a (100)-oriented Si wafer
(dose for each ion: 4×1016 ions/cm2). The specimen was
then annealed at 1000°C for 1 h in flowing Ar + 4% H2
to form discrete CdS precipitates (Fig. 15). The sample
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was then implanted with an additional 4×1016 ions/cm2
of both Zn and S, again at 550°C to prevent amorphizat-
ion of the silicon. The specimen was subsequently an-
nealed for an additional hour. Mixed chalcogenides or
“core-shell” structures were considered to be possible
results.
Fig. 15 Cross-sectional micrograph showing CdS precipitates in
(100)-oriented crystalline silicon. The viewing direction is approx-
imately 10° off the [110] zone axis. The silicon was implanted at
550°C to a dose of 4.3×1016 ions/cm2 using ion energies of 410
keV (Cd) and 150 keV (S). The sample was then annealed for 1
hour at 1000°C in Ar + 4%H2
Fig. 16 Plan-view micrograph of the precipitates in Fig. 15 after
subsequent implantation of Zn+S followed by a second thermal
processing step at 1000°C. The two large particles are hollow and
connected by a neck
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Figure 16 shows that the resulting particles are crys-
talline, as evidenced by the pronounced Moiré fringe
contrast. The particles appear as cubes in this plan-view
image, although Fig. 15 shows that they are actually oc-
tahedra with apices pointing in the 100 directions of the
silicon. Many of the precipitates contain internal void
features. The distribution of Cd, Zn, and S within the
particles was obtained by an EDS mapping technique us-
ing the electron microscope in the STEM mode. A dark
field STEM image of the nanocrystals embedded in sili-
con is shown in Fig. 17. One of the precipitates (marked
by the box) was then selected for elemental mapping.
In order to obtain an elemental map, the beam was
rastered in 32 steps across the area within the box. The
dwell time at each step was 0.5 s. Specimen drift was
corrected automatically by scanning a separate reference
area after each 64th pixel. The results, in the form of ele-
mental maps for silicon, sulfur, zinc, and cadmium are
shown in Fig. 17. No silicon was detected within the par-
ticle, nor was any Zn, Cd, or S found outside it. The Cd,
Zn, and S occur essentially in the same regions of the
particle, with high concentrations of Zn corresponding to
high concentrations of Cd. These results show that a
mixed composition close to Cd0.5Zn0.5S has been
formed. Presumably, the annealing temperature of
1000°C is sufficiently high for the diffusion of the im-
planted zinc and sulfur into and throughout the pre-
formed CdS precipitates. These results show that multi-
component solid-solution nanocrystal compositions can
be formed by ion implantation techniques.
Summary
The present work has focused on the effects of displacive
and ionizing irradiation on the ABO4 compounds zircon
and pretulite. Zircon undergoes a radiation-induced phase
decomposition to its component oxides with the resulting
phase assemblage consisting of randomly oriented ZrO2
nanocrystals in a matrix of amorphous SiO2. Pretulite, an
isostructural phosphate analogue of zircon, cannot be
amorphized at elevated temperatures, and, in fact, it can
be made to recrystallize as a result of low-energy electron
irradiation – a process which could find applications in
electron lithography. Electron irradiation can be used to
induce the precipitation of ZnS in fused silica, and this
technique, if applicable to bulk samples, could be used to
form precipitates of a more uniform size – a goal thus far
not achieved by ion implantation processes. Combinations
of implantation and irradiation techniques can be used to
form novel near-surface microstructures, as illustrated by
the cases of hollow CdS nanocrystals and oriented ZnS
nanocrystals produced in an amorphous host material. Sol-
id solution or “alloy” nanocrystal precipitate compositions
can also be formed. These results demonstrate the overall
flexibility of implantation/irradiation techniques for pro-
ducing unique microstructural property relationships be-
tween embedded nanocrystals and their hosts.
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Fig. 17 Left: A dark-field STEM image of the CdS-ZnS precipi-
tates. The beam was step scanned across the area marked by the
box, and an EDS spectrum was collected at each pixel. The result-
ing elemental maps for Si, S, Zn, and Cd are shown on the right
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